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LOW-POWER BIASING NETWORKS FOR
SUPERCONDUCTING INTEGRATED
CIRCUITS

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a Continuation of U.S. patent
application Ser. No. 12/902,572, filed Oct. 12, 2010, now
U.S. Pat. No. 8,571,614, issued Oct. 29, 2013, which claims
benefit of priority from U.S. Provisional Patent Application
No. 61/250,838, filed Oct. 12, 2009, and from U.S. Provi-
sional Patent Application No. 61/369,927, filed Aug. 2, 2010,
the entirety of which are each expressly incorporated herein
by reference.

FIELD OF THE INVENTION

The present invention relates to superconducting inte-
grated circuits. In particular, it relates to biasing schemes for
superconducting circuit elements.

BACKGROUND OF THE INVENTION

Active devices in integrated circuits require one or more
power supplies. For many logic families, Direct Current (DC)
power sources are required. Instead of supplying all possible
values of voltage and current used in the circuit, a standard
approach is to use networks of resistors to distribute the power
among the various bias nodes of the circuit with appropriate
values. This is the case, for example, in typical superconduct-
ing circuits comprising Josephson junctions designed accord-
ing to rapid-single-flux-quantum (RSFQ) logic, as shown in
FIG. 1 of the prior art. Conventional RSFQ logic is reviewed
in “RSFQ Logic/Memory Family”, K. K. Likharev and V. K.
Semenov, IEEE Transactions on Applied Superconductivity,
vol. 1, pp. 3-28, March 1991, incorporated herein by refer-
ence. Hach ‘X’ in FIG. 1 represents a damped Josephson
junction with a DC I-V curve as shown in FIG. 2. The parallel
array of Josephson junctions represents a simple RSFQ cir-
cuit, the Josephson transmission line (JTL). Each Josephson
junction is typically biased with a dc current below its critical
current I, so that it exhibits V=0 and dissipates no power in its
static state. For currents just above I, the junction generates
a sequence of voltage pulses, with each voltage pulse having
an identical time integral

fVdt=®,=h/2e=2.07 mv-ps,

which is known as the single flux quantum or SFQ. For typical
parameters, the pulse height is about 1 mV and the pulse
width about 2 ps. Operation of an RSFQ circuit corresponds
to distribution and switching of individual SFQ pulses. A
typical pulse data rate may be =40 GHz, corresponding to a
time-averaged voltage of ®,=80 uV. In contrast, the DC bias
voltage applied to the bias resistors may be 5 mV, a factor of
60 larger. So, the overwhelming majority of the power dissi-
pation in the circuit occurs in the static power distribution
resistors.

Superconductor single flux quantum technology is based
on manipulation of magnetic flux quanta ®,=h/2e with
energy of ~2x107'° Joule or 5x10° k; T In(2) at T=4K or 70
kT In(2) at T=300K. Low power, high speed, and high sen-
sitivity of superconductor Rapid Single Flux Quantum
(RSFQ) technology (see, K. Likharev and V. Semenov,
“RSFQ logic/memory family: A new Josephson-junction
technology for sub-terahertz clock-frequency digital sys-
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tems”, IEEE Trans. Appl. Supercond.,vol. 1, pp. 3-28, March
1991) have already attracted much attention for digital and
mixed signal applications.

The problem of static power dissipation in RSFQ logic was
discussed since its invention in 1987. It was widely perceived
at the time, that solving this problem is not very urgent while
demonstrating small-scale devices, and with time, when its
topicality should arise, surely will be solved. Since then, a
number of attempts to negate the power dissipation in bias
resistors of RSFQ circuits has been undertaken. See, A.
Rylyakov, “New design of single-bit all-digital RSFQ auto-
correlator”, IEEE Trans. Appl. Supercond., vol. 7, pp. 2709-
2712, June 1997; A. Rylyakov and K. Likharev, “Pulse jitter
and timing errors in RSFQ circuits”, IEEE Trans. Appl.
Supercond., vol. 9, pp. 3539-3444, June 1999; S. Polonsky,
“Delay insensitive RSFQ circuits with zero static power dis-
sipation,” IEEE Trans. Appl. Supercond., vol. 9, pp. 3535-
3538, June 1999.

The first and the most practical idea was reducing value of
a bias resistor by serially connecting it with large supercon-
ducting inductance. A moderate-size circuit has been
designed using this approach and successfully tested at low
speed. Unfortunately, RSFQ circuits, biased with such a
scheme, can only operate at frequencies much smaller than
V piasd @o- So, reducing bias resistors simultaneously reduces
the maximum clock frequency. Besides, this approach
reduces somewhat but does not eliminate static power dissi-
pation.

A more radical approach was developing alternatives to
RSFQ logic, e.g. S. Polonsky, “Delay insensitive RSFQ cir-
cuits with zero static power dissipation,” IEEE Trans. Appl.
Supercond., vol. 9, pp. 3535-3538, June 1999; and A. H.
Silver, Q. P. Herr, “A new concept for ultra-low power and
ultra-high clock rate circuits,” IEEE Trans. Appl. Supercond.,
vol. 11, pp. 333-336, June 2001. None of these ideas was
practical and beneficial enough to become accepted. The
recently suggested RQL logic (Q. P. Herr, “Single Flux Quan-
tum Circuits,” U.S. Pat. No. 7,724,020, May 25, 2010) looks
very attractive in terms of power dissipation, but requires
multi-phase ac power, which makes the implementation of
high-speed VLSI circuits very difficult.

Meanwhile, with the maturity of RSFQ technology, the
elimination of static and reducing total power dissipation has
become a very important problem in the field of supercon-
ductor microelectronics. In the emerging fields of digital
readout for cryogenic detector arrays and qubit control cir-
cuitry for quantum computing, static power dissipation of
standard RSFQ circuits is considered too large for the
required readout and control circuits.

Another aspect of the prior art is that a damped Josephson
junction generally comprises a superconducting tunnel junc-
tion in parallel with a shunt resistor, where the resistor is
deliberately added to increase the device damping (see FIG.
3). An underdamped junction will tend to oscillate rather than
generating SFQs, and have a hysteretic -V curve unlike that
in FIG. 2; such underdamped junctions are typically avoided
in RSFQ circuits. The value of the shunt resistor is selected to
obtain critical damping of the junction. The value of the bias
resistor for supplying current to a Josephson junction is typi-
cally a factor of ten larger than the shunt resistor, in order to
provide sufficient control and isolation of the currents in the
various bias lines.

This resistive bias tree functions well to provide circuits
that operate at clock frequencies up to 40 GHz and above,
with maximum stability. However, the same resistor network
substantially reduces one of the key advantages of RSFQ
circuits, the extremely low power dissipation. The over-
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whelming majority of the power dissipation is associated not
with the logic circuits, but rather with Joule heating in the
power distribution resistors. For the typical parameters given
above, only about Y60™ or less than 2% of the power is intrin-
sic to the dynamic active devices; the rest is static heating in
the bias resistors.

Even with heating in the bias resistors, RSFQ is a low-
power technology. Nevertheless, it is important to keep power
dissipation low for several reasons. First, as the device scale
decreases and the packing density increases, the power den-
sity will increase substantially, causing local heating of the
devices. Second, the total power is also increasing with circuit
complexity. This would allow one to realize a significant
(~orders of magnitude) advantage over semiconductor
CMOS circuits in switching power (FIG. 4). Third, this power
must be removed at cryogenic temperatures, using inefficient
refrigerators, so that the total electrical power at room tem-
perature is many times larger than the cryogenic heat load.
Further, as thermal isolation techniques improve, the intrinsic
thermal load of the operating circuit will become relatively
more important as a factor in determining the size of the
refrigerator necessary to operate the system.

It is useful to distinguish the DC and AC properties of a
superconducting logic circuit biasing network. The network
must maintain the proper current biases on average (at DC),
but also must maintain these proper biases on very short
times, against transients and fluctuations that might tend to
change the biases in a given branch. This is particularly
important for RSFQ circuits, since these generate picosecond
pulses, changing the gate impedance on this time scale from
zero to an impedance of typically several ohms, and back
again. A change in load on this timescale must not divert
current into other branches of the network.

Clearly, a resistive network, where the resistances are
much larger than the largest transient impedance of the loads,
will work at both DC and at AC. A purely inductive network
will work at AC but not at DC. This DC problem can be fixed
by adding a series R to each L, such that the DC impedances
are also properly balanced. This value of R in each leg mustbe
much greater than the DC average impedance of each gate.
This can result in a significant reduction in power dissipation,
relative to a purely resistive network. However, the static
power dissipation in the bias network will still be much larger
than the dynamic power dissipation in the gates, which is
undesirable in certain applications.

There is a further problem with a network comprised of
superconducting inductors L. Because of the quantum nature
of superconductors, any superconducting loop must quantize
the magnetic flux in the loop in integral multiples of the single
flux quantum ®,=h/2e=2 pH-mA, corresponding to a net
circulating current L.I=®, that never dies out. A series resis-
tance will cause this current to die out very quickly, at a cost
of power dissipation.

Eaton et al, U.S. Pat. No. 7,002,366, expressly incorpo-
rated herein by reference, propose a biasing scheme for super-
conducting gates that uses resistively shunted Josephson
junctions (RSJs) as bias elements, based on their DC [-V
characteristics. For a current equal to or slightly greater than
the critical current I of the RSJ, the current is almost con-
stant, corresponding (for a range of voltages) to a constant
current supply (see prior art FIG. 2). This might seem to be
ideal for a bias current network for an array of superconduct-
ing gates. However, Eaton’s design, as disclosed, will not
function properly in practice, because the DC I-V curve of the
RSJ does not apply for short times. Eaton notes that the RSJ
is an oscillator at AC for [>]_, and suggests applying an
unspecified “damping impedance” in series with the RSJ,
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where this damping impedance may include one or more of a
resistor, or an inductor, or a capacitor. This scheme also
suggests using JJs in the resistive state (i.e. [>] ), thus creating
static power dissipation even while the circuit is in idle mode.

Eaton also does not address a bias network with multiple
gates, in which any two parallel legs of the network form a
Superconducting Quantum Interference Device (SQUID),
which is well known in the prior art as a sensitive quantum-
limited detector of magnetic flux. The I-V curve of a SQUID
shows that the critical current I is strongly modulated by flux
periodically in ®,. Such a small change in flux may be intro-
duced not only by an external magnetic field, but also by stray
inductance and transient currents. So the bias current in a
given leg of an array is not determined simply by the I-V curve
of a single junction. This SQUID effect can be reduced by
adding a series resistance in the loop, breaking the supercon-
ducting order, but this would also increase the static dissi-
pated power.

SUMMARY OF THE INVENTION

The invention provides a number of alternative methods to
reduce or eliminate DC power dissipation in biasing resistors.

In a first embodiment, the “dual-function resistive bias
approach”, the value of the bias resistor is decreased to that of
the usual shunt resistor, and the shunt resistor is eliminated, as
shown in FIG. 5; compare with FIG. 3. Critical damping of
the Josephson junction behavior is still necessary for proper
functioning, but the damping and bias functionalities are
combined in a single resistor. This reduces power dissipation
by a factor of ten as compared with the prior art biasing
scheme. Further, this design has been simulated, laid out (see
FIG. 6B), and successfully tested for the Josephson transmis-
sion line (JTL).

In a second embodiment, the bias resistor in the conven-
tional network is replaced with a superconducting inductor
with true zero resistance and no other DClosses. The value of
each respective inductance L, is selected such that the bias
current of the given branch I, is inversely proportional to L, ,
whereL,, I, should be much greater than ®,=h/2e=2 mA-pH,
the superconducting flux quantum. As illustrated in FIG. 7,
the average DC voltage at each current injection node is the
same for all such nodes of the network. This valid for a class
of circuits, for example a clock-signal distribution circuit, in
which a clock signal comprised of SFQ voltage pulses at
frequency £ is distributed through the circuit. In this case, the
average voltage is V=@f ; for £ =40 GHz, V=80 uV. If the
voltages on the current injection nodes were not equal, this
would cause the currents to redistribute towards the nodes
with smaller voltages, destabilizing the system. But if the
voltages are equal, and if the voltage pulses in the parallel
branches are synchronized, the current distribution should be
very stable.

A third embodiment is known as the “junction-inductive”
approach. For this approach, one may have at least one node
that exhibits a maximum average DC voltage V., and at
least one other node that exhibits a reduced DC voltage
V,<V,...- Those branches contacting a reduced voltage node
must comprise a Josephson junction J, in series with the
inductor L, as illustrated in FIG. 8. Each Josephson junction
J,, has a critical current I equal to the desired bias current I,
and is critically damped (typically with a shunt resistor), with
a DC (average) current-voltage characteristic corresponding
to FIG. 2. Note that this curve corresponds to a nearly ideal
current limiter for I=I_. As described above, the current will
tend to redistribute from the node with V. to a lower-

max

voltage node V,,. However, this will quickly cause the voltage
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across J, to rise, until the average voltage drop across J,, is
V an—V,,- In general, the Josephson junctions automatically
generate sufficient voltage to maintain the average voltage at
the common node at V,, . in each respective branch, while
also maintaining the current in each branch close to [,. So the
Josephson junctions function as “current limiter” devices.
There may also be a Josephson junction in the branch with the
largest voltage, but this junction would not be expected to
switch. Further, one can view the branch with V,,, as a
voltage regulator for the network. This voltage regulator must
be able to redistribute the small amount of current needed to
equalize the voltage in the other branch or branches.

FIG. 8 illustrates a case where a binary frequency divider
cuts an input clock frequency f, in half, thus decreasing the
voltage for that section of the circuit from ®f. to ®,f /2. The
junction J, generates an average voltage ®,f /2, thus regulat-
ing the average voltage in that branch to be ®f,.

It is to be understood that these are illustrative examples,
and that designs that combine the features of the several
approaches for appropriate circuits may be inferred by one
skilled in the art.

A preferred biasing element consists of an RSJ with critical
current I, in series with an inductance L, such that LI >>®,,
This large value of L substantially reduces the SQUID effect
for the DC IV curves, so that the DC bias distribution is
determined by I of each leg of the network, while the AC bias
distribution (i.e., for picosecond timescales) is determined by
the relative L of each leg of the network. While the large
inductance dissipates no static power, it may require a signifi-
cant area within an integrated circuit.

The preferred biasing network is resistor-free, and does not
dissipate energy in a static (non-active) mode and dissipates
orders of magnitude less power than traditional RSFQ while
operating.

Replacing a dissipative resistor with a Josephson junction
as a current distributing element might seem a very simple
solution. A Josephson junction’s critical current is a natural
current limiting phenomenon. When a shunted (f_=<1, where
[, is the junction damping coefficient) Josephson junction is
connected to a very small (V<<I_R,) DC voltage source, the
resulting DC component of the current though the junction is
almost precisely equal to its critical current. This allows use
of non-hysteretic Josephson junctions as DC current distri-
bution elements.

The necessary condition of such a current distribution
scheme is that the voltage on the power line should be equal
to or greater than the maximum possible DC voltage in the
powered circuit. For almost all RSFQ circuits (with the
exception of output amplifiers and some special-purpose SFQ
pulse multipliers), the maximum possible voltage is
V nax=Pot.;- In order to create such a voltage source we use
a simple Josephson transmission line (JTL) connected
through large inductances to the power line (see FIG. 10).

By applying to the feeding JTL SFQ pulses from the clock
source, we create a DC voltage V. on the bias line. To
prevent dynamic current redistribution and increase the
impedance of the local bias current source, large inductances
L, were serially connected to the bias junctions, providing
filtering of the AC components. The maximum bias current
dynamic deviation in this case is I=®./L,. At L.,=400 pH,
the current fluctuations do not exceed 5 pA.

The circuit has to be biased with the current just under the
total critical current of bias junctions. So, in the passive state
(when clock is not applied), an ERSFQ circuit (for energy-
efficient RSFQ) does not dissipate any power at all (zero static
power dissipation). After turning it on, i.e. applying a clock
from the clock source, the total power dissipation of an
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ERSFQ circuitis P=I,®f_,,, where I, is the total bias current
for the circuit and f_, is its operating clock frequency.

The major advantage of ERSFQ is its compatibility with
traditional RSFQ, meaning that RSFQ circuits can generally
be converted to ERSFQ by simple substitution of each bias
resistor with a corresponding J,-L., couple. Note, however,
that the typically required inductance to effectively avoid
crosstalk through the biasing network requires an inductor
which may be physically larger than the corresponding resis-
tor. This may require changes in layout, and such layout
changes may alter propagation delays. Thus, large (~400 pH)
bias inductors may consume substantial space on a chip. Bias
inductances are not particularly restricted in location, so they
might be relocated to any place on a chip. For example, they
might be moved under the ground plane by adding extra
superconductor layer to the process. This layer can be made of
superconductor with high kinetic inductance.

An ERSFQ-biased circuit may present a high time jitter
due to unavoidable bias current fluctuations. This might be
solved by increasing the value L, of a bias inductor and
generally employing pipeline architecture in designing large
circuits.

In order to obtain large inductance, both ground planes
may be cut off from under the inductor. This creates addi-
tional pinning for magnetic flux, helping to mitigate the “flux
trapping” problem, which results in pinning of Abrikosov
vertices in superconducting circuitry.

Several chips were fabricated in order to benchmark
ERSFQ technology. The output amplifiers have a separate
power bus and were designed in standard RSFQ. The chip
contained two (ERSFQ and RSFQ) versions of a D flip-flop
with complementary outputs (DFFC) and two versions of a
static frequency divider by 16. A sample chip layout for the
frequency divider circuit (based on toggle flip-flops or TFFs)
is shown in FIG. 11. Besides that, the chip has a test structure
for the inductance Lb, which has shown a very good agree-
ment with the designed value (0.4 nH).

The functionality test results for the standard DFFC
showed that the circuit operated within 22% bias current
margins. The operating region included the case when the
total bias current exceeded total critical current of bias junc-
tion, in which circuit has static power dissipation. The
ERSFQ version of the circuit operated within 26% bias cur-
rent margins. Indeed, the margins were higher than those of
its RSFQ counterpart.

To perform the high-speed test, a static frequency divider
by 22° was employed. This circuit is an excellent test bench
for ERSFQ high-speed functionality. Each stage (out of a
total 20) of the frequency divider (TFF) operates at its own
frequency, i.e. creating different de voltage drops. The correct
operation of'this circuit at high frequency should undoubtedly
confirm the correctness of the principles of the ERSFQ bias
scheme.

The most interesting experiment would be direct measur-
ing of the bit-error rate (BER). In this experiment, we used
two phase-locked generators, one for the high-frequency
clock and the other for the low frequency reference signal.
The maximum frequency we can apply to the chip through
our standard cryoprobe is about 30 GHz. We used an on chip
double-rate converter to double the clock frequency. So, the
first stage of the frequency divider could operate at 60 GHz.
Then, after dividing by factor of 2°, the signal goes through
the output amplifier to oscilloscope, where it is compared
with the reference signal.

The circuit worked correctly at up to 67 GHz clock fre-
quency within +/-16% dc bias current margins. This shows
that it could have worked at much higher frequency and 33
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GHz is just a limit of our HF setup. At the nominal bias, we
didn’t observe any phase creep between the output and the
reference signal during hours. That gives us BER estimate
below 1074,

The present ERSFQ approach to biasing single flux quan-
tum circuits, including but not limited to RSFQ, provides zero
static and minimal total power dissipation. Several circuit
designs have been designed and successfully demonstrated at
low frequency including D flip-flop with complementary out-
puts, and a static frequency divider. In addition, complete
operation of a 20-stage static frequency divider at frequency
up to 67 GHz was demonstrated, with +/-16% operating
margins. The measured bit-error rate was below 107%,

Energy-Efficient RSFQ logic with zero static power dissi-
pation and the elimination of the resistor biasing network,
retains essentially all RSFQ logic core advantages along with
the vast established RSFQ circuit libraries. There are two
somewhat different implementations: ERSFQ and eSFQ. The
difference is mostly in the degree of modification of existing
RSFQ gates to its energy-efficient versions.

Similar to the transition from a resistor-based gate inter-
connect originally used in RSFQ (R for Resistive) to the
inductor-junction-based design in present day RSFQ (R for
Rapid), Josephson junctions with inductors can replace bias
resistors as elements setting up the required amount of DC
bias current for a logic gate. These bias current junctions J5
should have a critical current equal to the required bias cur-
rent 1. As evident from the over-damped junction current-
voltage characteristics, such a junction can be an excellent
current limiter the bias current. If the average voltage at the
bias terminal V 5, is lower than voltage at the common node
(bias bus) V5, then the bias limiting junction J; would start to
switchat V-V ;- average voltage. This would keep the bias
current to a gate at the desired level. In general, these biasing
Josephson junctions automatically generate sufficient voltage
to maintain the average voltage at the common node at V5 in
each respective branch, maintaining the bias current in each
branch close to the critical current of the limiting bias junc-
tion.

The current limiting junctions also play a role in maintain-
ing the phase balance between gates during static periods
(e.g., during a stand-by mode) and during power-up. During
the power-up procedure, bias current will distribute along the
bias bus. However there is a phase drop in the inductance of
the superconducting current bus. Current limiting junctions
will automatically switch until the compensation of this phase
drop is achieved and proper biasing currents are set.

There is no advantage to have the bias bus voltage higher
than that set by the maximum average gate voltage deter-
mined by the clock frequency, Vo, rzrriv=V5=Pof.. This
also corresponds to the lowest power.

Having voltage bias determined by the SFQ clock fre-
quency, it is possible to actively manage dynamic power
dissipation by controlling SFQ clock network—turning the
clock on or off for all or for particular circuit sections, oper-
ating at different clock rates (multiple clocking domains),
local control, dynamic sleep regimes, etc. This enables an
incredible flexibility in active power circuit management and
will further enhance power efficiency of our energy-efficient
SFQ circuits.

The above junction-limiting DC bias distribution can be
used to deliver current bias to regular RSFQ gates. No rede-
sign of the RSFQ gate equivalent circuits is required in order
to implement such energy-efficient RSFQ (ERSFQ) circuits.
The only difference from standard RSFQ circuits is the
replacement of bias resistors with the limiting Josephson
junctions and series inductances. Switching of current limit-
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ing junctions will compensate for imbalance of average volt-
ages across different bias terminals. This process is automatic
and will adaptively track the changes in the average voltages
and phase accumulation during the circuit operation.

The exact moments of switching of the limiting junctions
depends on data content and generally is not synchronous
with the clock. Therefore, some variations of bias current are
possible although not desirable. In order to reduce these
variations and smooth out transients caused by switching of
the limiting junctions, the series inductance L5 should be
sufficiently large. Each SFQ switching event changes the gate
bias current by 81=®,/Lz. This current change should be at
least less that the current bias margin for a particular RSFQ
gate. In fact, a higher inductance L is generally advised in
order to minimize circuit timing variations caused by DC bias
current variations. Otherwise, it will limit the maximum clock
frequency.

The above ERSFQ approach allows us to achieve zero
static power dissipation while retaining the conventional
RSFQ circuit designs and dc power supply. However, the area
of ERSFQ circuits can become larger due to the introduction
of'sizeable bias inductors. These are necessary to smooth out
the bias current variations due to asynchronous SFQ switch-
ing of the limiting junctions during circuit operation. As
shown below, it is possible to eliminate the need for the large
bias inductors by forcing synchronous (at every clock cycle)
phase compensation at gate bias terminals. This is realized in
the energy-efficient RSFQ version with synchronous phase
compensation (eSFQ). Similar to ERSFQ, the eSFQ
approach relies on DC current biasing distributed via current
limiting junctions. It is worth noting, that the large-value
inductances L5 are not necessary for biasing the clock JTL
network. Generally, this network has the highest average
voltage ®f., and its bias limiting junctions never switch
during operation. They only switch during biasing-up to com-
pensate the phase drop along the bias bus. Consequently, any
RSFQ gate with the same phase (average voltage) at bias
terminals as one of the clock network will not experience
switching of the bias limiting junctions during operation and,
therefore, will not require large bias inductors.

Every clocked RSFQ gate has a decision-making pair—
two serially-connected Josephson junctions. Every clock
cycle, one of the pair junctions makes a 2x phase slip regard-
less of data content. Therefore the phase and average voltage
across the decision-making pair is always the same as across
the junctions in the clocking JTL. Unfortunately, this natural
phase balance is not utilized, since the bias terminals for
standard RSFQ (and therefore ERSFQ) gates are designed
without regard to phase (average voltage) balancing.

In the eSFQ approach, the gate current bias is always
introduced via the decision-making pair and avoids the neces-
sity for large bias inductor L;. A standard RSFQ gate may be
slightly modified to be compatible with resistor-less biasing.
This circuit is the D flip-flop (DFF), which permits a data bit
to be stored in the cell until it is released by the SFQ clock. In
the conventional prior-art RSFQ design on the left of FIG. 9A,
the bias current injects current just above junction J,, so the
phase and average voltage are data-dependent. The clock line
sends an SFQ pulse to the decision-making pair—a series
combination of J; and I, such that in every case, one or the
other (but not both) junctions switch. Therefore, for a clock
input at a rate f_, the voltage at the clock input is ®f.. In the
eSFQ DFF design on the right of FIG. 9A, the current bias is
inserted instead into the clock line. This permits this circuit to
be biased with the same network that biases a clock distribu-
tion line, which also has an average voltage of ®.f.. This
change in bias point is not entirely trivial; the detailed param-
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eters of the circuit have to be reoptimized with changes in
selection of critical currents and inductor values, in order to
maintain a large margin of operation. It will also pre-set a gate
into logic “1” after biasing-up, which requires initial clock
cycles to reset. Similar changes are possible for most clocked
RSFQ logic gates.

A damped Josephson junction may also be added in series
with the bias inductor in the eSFQ DFF design in the right of
FIG. 9A, as shown by junction Jb in FIG. 9B. The critical
current of the bias junction will be Ib, as in the ERSFQ
approach. However, in the eSFQ design, all circuits are biased
at the same average voltage ®,f,, with all circuit-generated
voltage pulses synchronized. This means that in steady-state
operation, voltage switching of circuit elements will not
insert additional magnetic flux in loops, so that all bias junc-
tions will remain in their zero-voltage state just below Ic, not
dissipating any power. In that case, a bias junction is not
absolutely necessary. However, the bias junctions may be
activated during power-up, power-down, and changes in volt-
age bias levels, and may assist in the stability of the circuit.

More drastic changes are required to data transmission
circuits. In standard RSFQ, data is transported between
clocked gates using asynchronous JTLs, mergers, splitters
and PTLs (passive transmission lines). For the eSFQ imple-
mentation, clocked data transmission is used. This can be
done with a shift register type circuit based on 2-junction
cells. It is worth noting, that this RSFQ shift register can be
biased according to eSFQ by a simple replacement of resis-
tors with bias limiting junctions. The unit cell can be easily
extended to perform SFQ merging and SFQ splitting func-
tions.

One can also use supply-free JTLs made of underdamped
Josephson junctions to facilitate a ballistic transfer of data
SFQs (D. V. Averin, K. Rabenstein, and V. K. Semenov,
“Rapid ballistic readout for flux qubits,” Phys. Rev. B, vol. 73,
094504, 2006).

Other asynchronous circuits, e.g., toggle flip-flop (TFF),
can be made ‘supply-free”, as all biasing done via adjacent
JTLs. Similarly for the eSFQ implementation, these gates
will be biased via clocked JTLs (FIG. 9C).

Although avoiding area-consuming large biasing induc-
tances necessary for ERSFQ, additional junctions and the
necessity for eSFQ of clocked data transmission circuits may
bring circuit complications and latency. This should be miti-
gated by use of supply-free PTLs as much as possible.

Clocked PTL drivers can bring better data synchronization
and can simplify timing. Since both ERSFQ and eSFQ use the
same DC bias distribution network based on the use limiting
junctions, they can be combined in the same circuit to achieve
the best integrated circuit area utilization.

It is therefore an object to provide a superconducting inte-
grated circuit, comprising a plurality of superconducting cir-
cuit elements, each having a variation in operating voltage
over time; a common power line; and a plurality of bias
circuits, each connected to the common power line, and to a
respective superconducting circuit element, wherein each
respective bias circuit is superconducting during at least one
time portion of the operation of a respective superconducting
circuit element, and is configured to supply the variation in
operating voltage over time to the respective superconducting
circuit element.

The operating voltage supplied by one of said bias circuits
is preferably sufficiently decoupled from an operating voltage
supplied by another one of said bias circuits to avoid interde-
pendent operation of the plurality of superconducting circuit
elements via dynamic currents passed through the common
power line.
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At least two of the bias circuits are preferably configured to
supply a different average bias current to respective super-
conducting circuit elements.

Each bias circuit b preferably consists essentially of a
superconducting inductor, having a respective inductance
L,=N®./I,, where N is greater than 1 and @, is the magnetic
flux quantum, and where N is essentially the same for each
respective bias circuit.

Each of the superconducting circuit elements may have an
associated design bias current [, and an expected instanta-
neous deviation from the design bias current [, in any super-
conducting circuit element is less than about d1=d,/L,, dI=I,/
N.

At least one bias circuit may comprise a superconducting
inductor and at least one shunted Josephson junction in series,
wherein during the superconducting state of the respective
bias circuit, the Josephson junction is operated below its
critical current. The at least one Josephson junction may
achieve a supercritical current during the variation in operat-
ing voltage over time. The least one Josephson junction, in
some embodiments, does not achieve a supercritical current
during the variation in operating voltage over time, after
stabilization of a power supply voltage on the common power
line.

An average power supply voltage on the common power
line may be about equal to an average operating voltage of at
least one of the plurality of superconducting circuit elements.

At least one superconducting circuit element may com-
prise a clock transmission line of a single flux quantum cir-
cuit, and the bias circuit comprises a superconducting induc-
tor, the bias circuit providing an average bias voltage
V =®.f ,;, where f_, is a controlled clock frequency.

A total power dissipation of at least one respective bias
circuit and a corresponding superconducting circuit element
during normal operation of the superconducting integrated
circuit after initialization, may be, in one embodiment, V I,
wherein V_ is an average bias voltage to the respective super-
conducting circuit element, and [, is a bias current supplied by
the respective bias circuit.

The plurality of superconducting circuit elements may be
single-flux-quantum logic circuits, or rapid single-flux-quan-
tum logic circuits.

The common power line may have a voltage V_=®f_,,
where f_;, is a controlled clock frequency, wherein the super-
conducting circuit elements are each single-flux-quantum
logic circuits subject to synchronous switching, independent
of data sequences.

At least one bias circuit may comprise a Josephson junc-
tion having a critical current I,, added for stability during
current transients of a respective superconducting circuit ele-
ment, wherein the junction remains in a zero-voltage state
carrying a current below the critical current I,, during steady-
state operation of the respective superconducting circuit ele-
ment.

The circuit may further comprise a second plurality of
superconducting circuit elements, each having a variation in
operating voltage over time; a second common power line,
having a voltage controlled independently of the common
power line, wherein the second common power line voltage
can be controlled to supply zero power; and a second plurality
of bias circuits, each connected to the common power line,
and to a respective superconducting circuit element, wherein
each respective bias circuit is superconducting during at least
one time portion of the operation of a respective supercon-
ducting circuit element, and is configured to supply the varia-
tion in operating voltage over time to the respective super-
conducting circuit element, wherein at least on of the plurality
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of superconducting circuit elements produces an output sig-
nal which is received as an input signal by at least one if the
second plurality of superconducting circuit elements.

The common power line may have an average voltage
established by a periodic series of single flux quantum pulses
in a set of parallel Josephson junctions coupled to the com-
mon power line.

It is also an object of the invention to provide a supercon-
ducting integrated circuit, comprising a plurality of supercon-
ducting circuit elements, each having at least two different
states, which are reflected as a variation in operating voltage
over time; a common power line; and a plurality of current
bias circuits, each connected to the common power line, and
to a respective superconducting circuit element, wherein the
current bias circuit has superconducting resistance during at
least one state of a respective superconducting circuit ele-
ment, and is configured to supply a substantially constant
current to the respective superconducting circuit element dur-
ing the at least two different states, wherein the constant
current in one of said current bias circuits is decoupled from
a constant current in another one of said current bias circuits.
At least one bias circuit may have a superconducting resis-
tance throughout the variation in operating voltage over time
of a respective superconducting circuit element. At least one
bias circuit may have a non-superconducting resistance state
during at least a portion of the variation in operating voltage
over time of a respective superconducting circuit element. At
least one bias circuit may have a non-superconducting resis-
tance state only during a transient state of the superconduct-
ing integrated circuit.

It is a still further object to provide a method of biasing a
superconducting integrated circuit, having a common power
line, a plurality of bias circuits connected to the common
power line, and a plurality of superconducting circuit ele-
ments, each biased by a respective bias circuit, each having a
variation in operating voltage over time, comprising supply-
ing the variation in operating voltage over time to the respec-
tive superconducting circuit element with the respective bias
circuit; and operating each bias circuit in a lossless mode
during at least one time portion of the operation of a respec-
tive superconducting circuit element. The method may fur-
ther comprise sufficiently decoupling the operating voltage
supplied by one of said bias circuits from an operating voltage
supplied by another one of said bias circuits to avoid interde-
pendent operation of the plurality of superconducting circuit
elements via dynamic currents passed through the common
power line. The method may also further comprise supplying
a different average bias current to respective different super-
conducting circuit elements.

At least one bias circuit may comprise a superconducting
inductor and at least one shunted Josephson junction in series,
further comprising, during the lossless mode of the respective
bias circuit, operating the Josephson junction below its criti-
cal current.

During a normal operation of a respective superconducting
circuit element having variation in operating voltage over
time, the at least one shunted Josephson junction may be
operated at a supercritical current.

During normal logical operation of a respective supercon-
ducting circuit element having variation in operating voltage
over time excluding non-logical operation-induced transient
conditions, the at least one shunted Josephson junction may
be operated below a critical current.

The method may further comprise establishing an average
voltage in the common power line by supplying a periodic
series of single flux quantum pulses in a set of parallel Joseph-
son junctions coupled to the common power line.
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It is a still further object to provide a superconducting
integrated circuit comprising a plurality of logic elements, at
least one of said logic elements comprising at least two
Josephson junctions and forming a superconducting flip flop;
and a plurality of biasing networks configured to bias a
respective logic element, each biasing network comprising a
superconducting inductor and a Josephson junction in series,
having a static impedance and a dynamic impedance, the
biasing network having a sufficiently large dynamic imped-
ance to block voltage pulses from a respective logic element
from propagating through the respective biasing network of
sufficient amplitude to cause a logic error in a logic element,
and having a static impedance substantially less than the
dynamic impedance.

Another object provides a Josephson junction-based logic
integrated circuit, having at least two logic elements each
with a respective biasing network having a superconducting
inductor in series with an optional Josephson junction having
a static superconducting impedance associated with a low
static power consumption which provides a bias current for
circuit element static operation, and having a high dynamic
impedance associated with a high dynamic power consump-
tion sufficient to isolate a first logic element from a second
logic element, wherein the bias current through the biasing
network to a respective logic element is inversely propor-
tional to the bias inductance value.

A further object provides a superconducting integrated
circuit, comprising a plurality of interconnected supercon-
ducting information processing elements, having an average
bias voltage dependent on a data sequence, each being stati-
cally biased near to, but less than, a critical current for a
superconducting junction of a respective superconducting
information processing element and being associated with a
dynamic power dissipation greater than two times a respec-
tive static power dissipation; and a biasing network compris-
ing a superconducting inductor, configured to dynamically
isolate and independently bias each of the superconducting
information storage elements, while substantially isolating a
dynamic bias state for each of the plurality of superconduct-
ing information storage elements, while maintaining stability
over a range of data sequences.

A still further object provides a method of biasing a super-
conducting integrated circuit, comprising providing a plural-
ity of superconducting junctions, having a data sequence
dependent bias voltage and each being biased near to, but less
than, a critical current for the respective junction; and biasing
the plurality of superconducting junctions with a biasing net-
work comprising a superconducting inductor, the biasing net-
work having a static power dissipation of less than about two
times a respective dynamic power dissipation of the plurality
ofjunctions, having a sufficiently high dynamic impedance to
substantially isolate a dynamic bias state for each of the
plurality of junctions to prevent a state of one superconduct-
ing junction from altering a state of another superconducting
junction by a propagation of a pulse through the biasing
network, and maintaining stability of operation over a range
of data sequences.

Having a bias voltage determined by the SFQ clock fre-
quency, it is possible to actively manage dynamic power
dissipation by controlling SFQ clock network and, therefore,
bias bus voltage. By turning the clock on or off for all or for
particular circuit sections, one can achieve “zero power
mode,” i.e. a complete zero power including dynamic power
P,. This mode—~zero power with zero circuit activity—is
particularly difficult to achieve in CMOS. This enables one to
operate at different section of the circuit at different clock
rates and power (multiple clocking domains), provide a local
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control, dynamic sleep regimes, etc. This is particularly valu-
able for circuits operating in “burst mode,” e.g., for detector
and qubit readout. This enables a significant flexibility in
active power circuit management and will further enhance
power efficiency of our energy-efficient SFQ circuits.

Further object will become apparent from a review of the
drawings and detailed description of the preferred embodi-
ments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a resistive bias current distribution network
for RSFQ circuits of the prior art.

FIG. 2 shows a DC V(]) relation for a resistively shunted
Josephson junction of the prior art.

FIG. 3 shows a circuit schematic explicitly showing both
bias resistors R, and shunt resistors R,, of the prior art.

FIG. 4 shows the Power-Delay plot for superconductor and
semiconductor device families.

FIG. 5 shows a schematic of a section of a dual function
resistive bias circuit.

FIG. 6 shows a layout of a section of a conventional resis-
tive bias (A) and a dual-function resistive bias (B) of the same
circuit.

FIG. 7 shows a pure inductive bias current distribution
network, for a circuit where the average voltages at each
current injection node are identical.

FIG. 8 shows a junction-inductive bias current distribution
network for non-identical device sub-circuit voltages, with
series Josephson junctions to limit current.

FIG. 9A shows how the bias design for a sample RSFQ
circuit (left) may be modified for pure inductive bias using the
eSFQ approach on the right.

FIG. 9B shows how the eSFQ circuit of FIG. 9A may
include an optional bias junction Jb for additional circuit
stability.

FIG. 9C shows a standard asynchronous RSFQ Josephson
transmission line (JTL) and a clocked JTL that is compatible
with eSFQ design.

FIG. 10 shows a design of a voltage regulator circuit locked
to a clock for junction-inductor biasing of an RSFQ circuit
based on the ERSFQ approach.

FIG. 11 shows an integrated circuit layout for a 4-bit binary
RSFQ counter with a biasing network based on the ERSFQ
junction-inductor bias approach.

DETAILED DESCRIPTION OF THE INVENTION

The several preferred embodiments are hereby described in
greater detail, with reference to the figures.

FIG.1 of the prior art shows a current source providing bias
current to two Josephson transmission lines (I'TLs), one on
the top and the other on the bottom. A JTL comprises a set of
parallel Josephson junctions (each symbolized by ‘X”) con-
nected by small inductors, and functions as an active trans-
mission line for SFQ pulses.

A set of parallel resistors R, is used to bias the set of JTLs
at a constant current less than the critical current I, of the
junctions, so that there is no voltage or static power in the
junctions. When an SFQ voltage pulse is introduced at one
end of the JTL, it causes each junction in turn to exceed I in
a transient fashion, generating an SFQ pulse which propa-
gates to the next junction.

Each Josephson junction in FIG. 1 is actually a damped
Josephson junction. While there are technologies whereby
sufficient damping can be provided by the junction itself, in
most cases additional damping is needed (to achieve “critical
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damping”) and is provided by a resistor that shunts the intrin-
sic junction. Indeed, separate control over damping may be
advantageous. The DC current-voltage characteristic of such
a shunted junction is shown in FIG. 2, and has a critical
current [, below which the voltage is zero. The shunting
resistor R, for each junction is shown explicitly in FIG. 3,
which represents two parallel Josephson junctions within a
Josephson transmission line, and also shows the bias resistors
R,. In conventional RSFQ design, R, is typically a factor of
ten larger than R, in order to maintain constant current while
also maintaining appropriate isolation between the various
junctions. Note that in FIG. 3 (and FIG. 5), each ‘X’ repre-
sents an intrinsic (underdamped) Josephson junction. In con-
trast, in FIG. 1, as well as in FIGS. 8-10, each ‘X’ represents
a shunted (damped) junction.

FIG. 4 shows the comparative power dissipation and gate
delay of various advanced electronic technologies of the prior
art. In general, all technologies offer a tradeoft between
power and speed; faster devices tend to dissipate more power.
The line labeled RSFQ shows that these devices are very fast
with low power dissipation (compared with semiconductor
technologies in the right half of the figure), but most of the
power is actually associated with the static bias distribution.
The line labeled ‘eSFQ’ represents the ultimate limit of
RSFQ, based only on the dynamic switching power of the
Josephson junctions. There are several potential applications
that may warrant such ultra-low power, including parallel
supercomputing, quantum computing, and digital processing
for cryogenic sensor arrays.

FIG. 5 shows how FIG. 3 can be modified within the
dual-function resistive bias approach, for a biased JTL. Here,
each ‘X’ represents an intrinsic unshunted junction. An iso-
lated junction of this type, driven by a constant bias current I,
would generate a hysteretic [-V curve quite unlike that for the
damped junction as shown in FIG. 2. Further, such an
undamped junction triggered by an SFQ pulse would switch
into the voltage state and oscillate for many oscillations (cor-
responding to many SFQ pulses) before eventually damping
out. This would be highly undesirable for a digital technol-
ogy. This is well known in the prior art, and this is why the
damping needs to be added. However, according to one
embodiment, an appropriate biasing scheme can also provide
the requisite damping without the need for a shunt resistor.
Here, the biasing resistor R, is reduced to a value comparable
to the shunt resistor R, of the conventional case. Furthermore,
if there are many junctions being biased in parallel, there is an
effective resistance to ground from the voltage bias line of
R,,.~R, /N, where N is the number of parallel branches of the
biasing network. So for this large network, the effective resis-
tance to ground shunting each junction is only marginally
greater than R . Further, using the bias resistor as the damping
shunt inevitably leads to some coupling between parallel
branches, which would cause possible concern. However,
simulations and measurements have shown that for a large
number of parallel branches, this coupling does not generate
bit errors within the circuit, and can be neglected. A key
advantage, of course, is that the static power dissipation is
reduced by a factor of about ten relative to the conventional
resistive bias approach.

FIG. 6 shows an example of a circuit layout for a section of
two JTLs in conventional resistive bias and dual-function
resistive bias approaches. In both cases, there is a central
(left-right) voltage bias bus, with bias resistors going to signal
lines on the top and bottom. The width of the signal lines gives
the scale of the devices, about 2 um for the circuits here. The
resistors are made with a resistive layer having a sheet resis-
tance of 2 ohms/square. For the conventional approach in
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FIG. 6 A on the left, the bias resistors require a meander line
of'order 10 squares long, while the shunt resistors are of order
1 square. In contrast, for the dual-function resistive bias
approach in FIG. 6B on the right, there is only a small bias
resistor of order 1 square, and no shunt resistor. Remarkably,
both circuits have been simulated and measured to exhibit
virtually the same electrical behavior for propagating SFQ
pulses, despite the sharp difference in power dissipation.

FIG. 7 shows a block diagram for a simple SFQ circuit, a
JTL (comprised of several JTL sections) with pure inductive
bias. Here, it is assumed that the Josephson junctions in the
JTL are damped by resistive shunts as in the conventional
resistive approach, and the signal input to the JTL is a clock
signal of a periodic sequence of SFQ pulses at the clock rate
f.. The average DC voltage on each junction in the JTL is then
V=0 f , and that is also the voltage on the bias line, since the
inductors do not sustain a DC voltage. In the general case, the
bias currents [, could be different, and so could the inductors
L,,. When the power is first turned on, the currents will dis-
tribute in inverse proportion to each value L, assuming that
the effective impedance during turn-on is dominated by these
inductors. Note that a Josephson junction below I, is also
effectively a nonlinear inductance having a value of the
Josephson inductance

L~®/[2n(I>-P)"2].

So if we ensure that the bias inductors L, are large compared
to ®@/1_, then the initial current distribution should be domi-
nated by the values of L,,. This will also ensure that the bias
inductors effectively screen the individual SFQ pulses from
coupling between the branches of the bias network.

As forthe case shown in FIG. 7, the average voltage at each
current insertion point is the same, in this case ®f. As stated
above, if the average voltages are different, the current will
tend to redistribute away from the high-voltage branches to
the low-voltage branches very quickly. To take a specific
example that illustrates this, note that ®,=2 mA-pH, and
consider a reasonably large value I, ~100 pH. Then, if one
had a voltage difference as small as 1 uV, one obtains dI/dt~V/
L,,~10* A/s. For typical bias currents ~1 mA, this would
completely deplete this branch in 100 ns. This is generally
unacceptable, and emphasizes that the insertion voltages
should generally be exactly the same in all branches for this
pure inductive biasing approach. This will be the case in clock
signal distribution lines, or in clocked circuits that are guar-
anteed to switch once each clock period. An example of such
a circuit is described with regard to FIG. 9A below. In these
cases, not only is the time-averaged voltage the same, but the
magnetic flux (and the corresponding superconducting phase
difference) in the bias loops should also be the essentially
constant, with no tendencies to redistribute current from one
branch to the next. This makes for a very stable configuration.
Further, this pure inductive bias approach completely elimi-
nates the static power dissipation, leaving only the dynamic
power intrinsically associated with the SFQ pulses.

FIG. 8 illustrates an example whereby the voltages are not
the same at all nodes, and shows how the junction-inductive
bias approach (also known in this context as ERSFQ) can
handle this successfully. In this example, the signal input is an
SFQ pulse sequence at a clock frequency £, the same as for
FIG. 7. However, the output of the first JTL stage goes to a
toggle-flip-flop (TFF) which functions as a binary frequency
divider, sending to its output only every other alternate input
pulse. In this way, the output pulse stream (which is propa-
gated by the output JTL) is at adata rate of £ /2. Therefore, the
average insertion voltage for the input JTL is ®,f ., while that
for the output JTL is ®,f /2. Clearly, this would be incom-
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patible with the pure inductive bias of FIG. 7. However, we
select the critical current I, of each junction J, to be equal to
the bias current [, in that branch. In that case, while the bias
current will start to redistribute from branch 1 toward branch
3 (with the reduced voltage), junction J; acts as a current
limiter, quickly establishing an average voltage ®,f /2 which
then maintains a bias voltage of ®,f on all branches of the
networks. While this junction-inductive ERSFQ biasing
scheme does permit a small current redistribution if sub-
circuits have data-dependent voltages, this should be negli-
gible for a properly designed system. Furthermore, although
the bias junction does dissipate some power, this extra power
is much less than that of the bias resistor that is replaced. The
total power dissipation would be I, ®,f_, of which typically
less than half would come from the bias junctions. This is still
atleast a factor of 10 reduction from the conventional resistive
bias.

Note that the junction J; is not necessary, since it is in the
branch with the maximum voltage V,,,,,, which will see its
current decrease (very slightly) rather than increase. So in
steady state, there should ideally be no voltage across J, and
apure inductive bias could be used in this branch. On the other
hand, there may be some advantages to including this junc-
tion. For example, if there are two or more branches corre-
sponding to'V,,, ..., then this may form a superconducting loop
that could trap magnetic flux, leading to a large circulating
current. Such trapped flux can cause problems in RSFQ cir-
cuits, by coupling stray magnetic flux to another part of the
circuit. On the other hand, ifthere is a junction in the loop, this
trapped flux would be more likely to escape. Furthermore,
during transients such as power-up and power-down, junction
J, may be activated, so that its presence may enhance the
stability of the system.

FIG. 8 shows the inductors in contact with the voltage bias
bus, and the junctions in contact with the RSFQ circuit, but
this is not necessary. These could equally well be inverted in
any given branch. Further, the inductor could be split in two,
with the junction in between. In addition, one could use more
than one Josephson junction in series for a given branch. This
would tend to increase the voltage-compliance of this current
regulator, assuming that I for the junctions is the same. In
principle, one could even use the nonlinear Josephson induc-
tance of an array of junctions to obtain a sufficiently large
series inductance, without the need for a separate linear
inductor.

FIG. 9A presents the schematic of a standard RSFQ cell
that is slightly modified to be compatible with pure inductive
bias. This circuit is the data-flip-flop or DFF, which permits a
data bit to be stored in the cell until it is released by the output
trigger, which is usually a clock signal. In the conventional
design on the left, the bias current injects current just above
junction J,, so the average voltage is data-dependent. The
trigger (clock) line sends an SFQ pulse to the series combi-
nation of junctions J; and J,, such that in every case, one or the
other (but not both) junctions switch. These two junctions
form what is known as a “decision-making pair”, which is a
common configuration in RSFQ logic. Therefore, for a clock
input at a rate f_, the voltage at the clock input is ®f.. In the
slightly modified DFF design on the right, the current bias is
inserted instead into the clock line. This permits this circuit to
be biased with the same network that biases a clock distribu-
tion line, for example, which also has an average voltage of
@, f.. This change in bias point is not entirely trivial; the
detailed parameters of the circuit would need to be reopti-
mized for this change, with possible changes in critical cur-
rents and inductor values, in order to maintain a large margin
of operation. Similar changes should be possible for most
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RSFQ logic gates. In this way, the bias voltage at all circuit
injection points will have exactly the same average voltage of
@, f_, and furthermore the voltage pulses in adjacent injection
points are synchronized by the same clock and hence are
essentially identical. So the instantaneous voltages in each
branch are the same, thus there will be no tendency for cur-
rents to redistribute from one branch to another. This will
enable the bias inductors L, in the bias lines to be reduced
from the large values (L, much larger than ®,/1,) required for
stability with asynchronous system operation. Given that
these large bias inductors may take up a large area in the
integrated circuit layout, the reduction in bias inductor values
represents a significant advantage of the eSFQ approach.

While a Josephson junction in series with the bias inductor
is not strictly necessary in the eSFQ design in the right of FIG.
9A, ajunction J, may be added as shown in FIG. 9B. Since the
instantaneous bias voltages in neighboring bias network
branches are essentially the same, there will be no current
redistribution in steady-state operation, and hence the bias
junctions will remain in their zero-voltage state with current
1 just below the critical current I =I,. On the other hand, in
transient operation such as power-up or power-down, the bias
junctions are available to permit quick system adjustment
toward stable operation. Therefore, bias junctions may gen-
erally be used in eSFQ designs, as well.

Other RSFQ circuits which could be modified for compat-
ibility with eSFQ biasing include data distribution lines. This
would include reducing the use of asynchronous JTLs, split-
ters and confluence buffers, and instead using passive trans-
mission lines with clocked transmitter and receiver circuits.
In this way, it is likely that an entire RSFQ cell library could
be adapted to eSFQ biasing. One alternative to the standard
asynchronous JTL is a eSFQ clocked JTL shown in FIG. 9C.
Here the single row of junctions on the left is replaced with a
dual row of clocked decision-making junction pairs, config-
ured so that at every clock cycle, either the top junction or the
bottom junction is triggered. In this way, the instantaneous
voltage at the current insertion point is synchronized to that of
a clock distribution line.

Alternatively, one could use the ERSFQ approach,
whereby such cell modifications are unnecessary. In this case,
one simply replaces each conventional bias resistor with a
series combination of an inductor and a Josephson junction
with [ =[,. A further variant that combines aspects of both
methods is shown in FIG. 10. Here one has an RSFQ circuit
which is biased with the junction-inductive approach with
insertion voltages less than or equal to @,f . In addition, the
top of FIG. 10 shows a JTL fed by a sequence of clock pulses
atf , corresponding to a voltage of @ ,f ., with a pure inductive
bias. In effect, this JTL provides a voltage regulation circuit,
which can supply current to the RSFQ circuit on the bottom to
maintain the fixed voltage. This voltage regulator can com-
prise the actual clock distribution network or other circuits at
this voltage, or a special circuit segment dedicated to this
purpose. In this way, one has both current stabilization (pro-
vided by the series junctions) and voltage stabilization (pro-
vided by the clock and the inductive-biased JTL).

FIG. 11 is a sample integrated-circuit layout of a circuit
similar to that shown in FIG. 10. This comprises an inductive-
biased JTL on the top right, with a clock input at £, providing
the voltage stabilization for a 4-bit RSFQ binary counter that
is comprised of four TFFs with JTL stages between them. In
the same way as shown in FIG. 8, each TFF stage reduces the
clock frequency by a factor of two, for a total factor of 16
reduction in data rate. Therefore, the average voltage at the
output of each TFF drops by a factor of two from its input. The
current bias lines for the binary counter include a Josephson
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junction in series with the inductors, as indicated in FIG. 10.
These junctions permit the total bias voltage to be ®@f_, even
for the branches that correspond to SFQ pulses at reduced
rates.

The bias inductors in FIG. 11 are the small boxes, each with
two smaller boxes inside. Each inductor actually consists of
two inductors in series, where each inductor has three turns
and a hole in the ground plane to increase inductances. One of
each inductor pair is wound clockwise, and the other coun-
terclockwise, in an effort to reduce stray magnetic flux that
might be coupled to other parts of the circuit. The inductances
are estimated to be of order 100 pH.

These preferred embodiments provide examples of the
application of the design methods of this invention, and may
be combined or modified to achieve the optimum combina-
tion of power reduction, bias stability, operating margin, and
fabrication yield.

The present invention has been described here by way of
example only. Various modification and variations may be
made to these exemplary embodiments without departing
from the spirit and scope of the invention, which is limited
only by the appended claims.
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What is claimed is:

1. A biasing network for circuits comprising a plurality of
Josephson junctions, having a plurality of bias elements in
parallel branches, each branch comprising a bias element
biasing a circuit comprising at least one Josephson junction,
the bias current in a respective branch being inversely pro-
portional to the bias impedance value.

2. The biasing network according to claim 1, wherein the
bias element comprises a bias resistor.

3. The biasing network according to claim 2, wherein, the
bias resistor provides substantial damping of voltage oscilla-
tions of the Josephson junction.

4. The biasing network according to claim 1, wherein the
bias element comprises a bias inductor.

5. The biasing network according to claim 4, wherein the
Josephson junction functions as a current limiter.
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6. A superconducting integrated circuit, comprising:

aplurality of superconducting junctions, each being biased
near to, but less than, a critical current for the respective
junction and being associated with a dynamic power
dissipation; and 5

a biasing network, adapted for biasing the plurality of
junctions having, static power dissipation of less than
about two times the dynamic power dissipation of the
plurality of junctions, while substantially isolating a
dynamic bias state for each of the plurality of junctions, 10
while maintaining stability over a range of data
sequences.

7. A method of biasing a superconducting integrated cir-

cuit, comprising:

providing a plurality of superconducting junctions, each 15
being biased near to, but less than, a critical current for
the respective junction and being associated with a
dynamic power dissipation; and

biasing the plurality of junctions having, static power dis-
sipation of less than about two times the dynamic power 20
dissipation of the plurality of junctions, while substan-
tially isolating a dynamic bias state for each of the plu-
rality of junctions, while maintaining stability over a
range of data sequences.
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